Background: The emergence of three-dimensional (3D) cell culture in neural tissue engineering has significantly elevated the complexity and relevance of in vitro systems. This is due in large part to the incorporation of biomaterials to impart structural dimensionality on the neuronal cultures. However, a comprehensive understanding of how key seeding parameters affect changes in cell distribution and viability remain unreported. New method: In this study, we systematically evaluated permutations in seeding conditions (i.e., cell concentration and atmospheric CO 2 levels) to understand how these affect key parameters in 3D culture characterization (i.e., cell health and distribution). Primary rat cortical neurons (i.e., 2 × 10 6 , 4 × 10 6 , and 1 × 10 7 cells/mL) were entrapped in collagen blended with ECM proteins (ECM-Collagen) and exposed to atmospheric CO 2 (i.e., 0 vs 5% CO 2 ) during fibrillogenesis. Results: At 14 days in vitro (DIV), cell distribution within the hydrogel was dependent on cell concentration and atmospheric CO 2 during fibrillogenesis. A uniform distribution of cells was observed in cultures with 2 × 10 6 and 4 × 10 6 cells/mL in the presence of 5% CO 2 , while a heterogeneous distribution was observed in cultures with 1 × 10 7 cells/mL or in the absence of CO 2 . Furthermore, increased cell concentration was proportional to the rise in cell death at 14 DIV, although cells remain viable > 30 DIV. Comparison with existing methods: ECM-Collagen gels have been shown to increase cell viability of neurons longterm. Conclusion: In using ECM-collagen gels, we highlight the importance of optimizing seeding parameters and thorough 3D culture characterization to understand the neurophysiological responses of these 3D systems.
Introduction
To more accurately recapitulate in vivo physiology and architecture, neural tissue engineering is increasingly focused on elevating the complexity of in vitro systems to include extracellular matrix (ECM) molecules within the microenvironment of cells. This allows researchers to mimic the structural support found in brain tissue and move beyond the fundamental limitation of 2D cell culture, which is observed when comparing the functional performance of 2D cultures to 3D neuronal cultures. Wherein, striking differences are often noted regarding cell viability, neural network activity, drug responses, and resemblance to disease pathology (Frega et al., 2014; Bosi et al., 2015; Bourke et al., 2018; Xu et al., 2009; D'Aiuto et al., 2018; Zhang et al., 2014) .
Currently, there are several approaches for developing 3D platforms that rely on natural and/or synthetic ECM molecules, including selforganizing 3D cell clusters (i.e., spheroids or organoids) (Bartsch et al., 2015; Pamies et al., 2014; Pasca et al., 2015) , cell entrapment (Drury and Mooney, 2003; Huang et al., 2012) or direct cell plating (Sood et al., 2016; Tang-Schomer et al., 2014 Lai et al., 2012) in natural or synthetic hydrogels. In the latter system, hydrogels provide a highly hydrated tissue-like environment using a network of exogenous proteins or polymers (i.e., either natural, synthetic, or a hybrid of the two) that can facilitate the differentiation of stem cells and/or the formation and maturation of neuronal networks from mature neurons in 3D. The ECM polymer composition of the hydrogel, as well as gelation conditions, can be used to tune several biochemical and mechanical properties, including: stiffness, pore size, degradation, functional moieties, and fiber alignment (Kamperman et al., 2018; Tibbitt and Anseth, 2009; Li et al., 2018; Kim et al., 2017) . Having user-defined control of the 3D environment and subsequently cell-ECM interaction can improve cellular health and function but will also influence how cells are distributed in 3D space. This is especially important when functionally evaluating neural network activity, which is dependent on cell-cell communication.
Collagen type I, while not the major constituent ECM in the brain, is a natural material that is widely used for 3D neuronal cell culture (Bourke et al., 2018; Xu et al., 2009; Sood et al., 2016; Tang-Schomer et al., 2018; Langhans, 2018; Sorushanova et al., 2019; Ma et al., 2004; O'Connor et al., 2001; O'Shaughnessy et al., 2003) . The physical properties of collagen solutions, specifically pH, temperature and ionic strength, can be used to regulate the self-assembly of collagen fibers during fibrillogenesis and affect fiber thickness and pore size of the gels (Sung et al., 2009; Williams et al., 1978; Wood and Keech, 1960; Xie et al., 2017) . Numerous studies have demonstrated that fiber thickness and pore size (Li et al., 2019) , in addition to cell seeding methods (i.e., surface versus direct injection) (Li et al., 2019; Thevenot et al., 2008; Wendt et al., 2003) , influence the vertical distribution of cells throughout the scaffold. Recently, there are an increasing number of studies that have modified collagen gels by including a heterogenous mixture of ECM (i.e., glycoproteins, proteoglycans, glycosaminoglycans and other fibrous proteins) extracted from decellularized brain tissue or from mouse sarcoma cells (Bourke et al., 2018; Xu et al., 2009; Sood et al., 2016; Tang-Schomer et al., 2014 . Increasing the molecular complexity of ECM proteins in the hydrogel has been shown to improve neuronal viability and neurite outgrowth in rodent and human 3D cultures (Bourke et al., 2018; Xu et al., 2009; Sood et al., 2016; Tang-Schomer et al., 2014 . While significant information has been published on the entrapment of neurons in pure-and ECM-blended collagen gels, there is little information on how seeding conditions (e.g., initial cell concentration, presence or absence of atmospheric CO 2 ) affects cell viability and in turn cellular organization in 3D space. In the present study, we systematically modulated key experimental parameters and evaluated their impact on cellular outcomes. 1 mg/ml of collagen was blended with an ECM mixture (ECM-Collagen) to improve neuronal viability and neurite outgrowth (Bourke et al., 2018; Xu et al., 2009; Sood et al., 2016; Tang-Schomer et al., 2014 in established 3D cultures. Neurons at three cell concentrations (i.e., 2 × 10 6 , 4 × 10 6 , and 1 × 10 7 cells/mL) were encapsulated in the ECM-Collagen gel solution and were exposed to ambient air (< 0.05% CO 2 ) or 5% CO 2 during fibrillogenesis. The influence of cell concentration and CO 2 during fibrillogenesis was evaluated based on cell viability and distribution within the 3D ECM-Collagen hydrogel. At 14 DIV, we found that cell distribution was dependent on cell concentration and the presence of CO 2 during fibrillogenesis. Collectively, these data demonstrate the importance of thorough cellular characterizations of 3D neuronal cultures, as viability and distribution are important correlates to function that can be affected by changes in seeding parameters.
Materials and methods

Collagen, cells, and 3D cultures
All 3D cultures were conducted in 96-well tissue culture plates. All reagents were from Thermo Fisher Scientific (Franklin, MA) unless otherwise stated. Pure collagen and ECM-Collagen gel solutions were prepared at a volume of 50 μL with a final concentration of collagen at 1 mg/mL. Briefly, concentrated rat tail collagen Type 1 (8.34-9.41 mg/ mL, N = 4 lots, Corning, Bedford, MA) was diluted in neuron media, adapted from Iordan et al. (2010) , which consisted of Neurobasal Plus media, B27™ plus supplement (50X), GlutaMax™ I supplement (100X), 50 μg/mL gentamicin, and the ECM mixture, MaxGel (1.2 mg/mL, N = 2 lots, Sigma-Millipore, St. Louis, MO) at volumes required for a final concentration of 12, 48, 200, and 500 μg/mL. The dilution of collagen in media and the ECM mixture neutralized the pH (∼7.4) and the solution was chilled on ice to prevent fibrillogenesis of collagen. For primary rat neuron encapsulation, embryonic cortical neurons (Lonza, Walkersville, MD) were centrifuged (200×g, 4 min) and resuspended in neuron media before adding to the ECM-Collagen gel solution at the desired cell concentration of 2 × 10 6 , 4 × 10 6 , and 1 × 10 7 cells/mL. Gels for each cell concentration and CO 2 environmental condition were prepared in duplicates for each biological replicate. Collagen fibrillogenesis occurred in a humidified incubator (37°C) with 5% CO 2 regulation for 2 h, or without CO 2 for 1 h before transferring into an incubator with 5% CO 2 regulation for an additional hour. After 2 h, neuron media was added to wells and maintained in a humidified incubator (37°C, 5% CO 2 ) for up to 14 DIV with media changes (50%) occurring every 2-3 days.
For 3D human neuronal cultures, primary human neurons (CD90positive cells) were purified from dissociated tissue (STEMCELL Technologies, Vancouver, Canada) using immunopanning, as previously described (Zhang et al., 2016) . Cells were seeded on PDL (0.1 mg/ml)-and Laminin (10 μg/ml)-coated 6-well tissue culture plate at 2.5 × 10 6 cells/ well. Cultures were placed in the humidified incubator (37°C, 5% CO 2 ) for 1 week before harvesting. Media changes (50%) occurred every 2-3 days using the Complete maturation media, containing NeuroCult™ SM1 (STEMCELL Technologies) and BrainPhys™ Neuronal Medium (STEMCELL Technologies). For entrapment, cells were harvested using accutase (37°C, 5% CO 2 , 30 min), passed through a 40 μm filter, and centrifuged (200×g, 4 min), before encapsulation at 7 × 10 6 cells/mL in ECM-Collagen gel solution. 3D cultures were placed in the humidified incubator (37°C, 5% CO 2 ) with media changes (50%) occurring every 2-3 days using the Complete maturation media.
Turbidimetry
Adapted from previous studies (de Wild et al., 2013; Zhu and Kaufman, 2014) , cold and neutralized collagen gel solutions (50 μl), prepared with different concentrations of the ECM mixture or encapsulated neurons with different cell concentrations, were loaded into a chilled flat-bottom 96-well plate and placed in a pre-heated (37°C) Synergy H1 multi-mode microplate reader (BioTek). Optical density (OD) at an absorbance of 370 nm was recorded in 2-minute intervals over the course of 30 min. Samples were prepared in duplicates. Data was normalized using Eq. (1), where A is the absorbance at a given time, A o is the lowest absorbance and A max is the maximum absorbance.
The turbidity profile was fitted to a sigmoid curve using R package sicegar (Caglar et al., 2018) to calculate T 1/2 , the time needed to reach 50% of the maximum turbidity absorbance value, and the slope of the sigmoid curve at T 1/2 to determine the speed of gelation.
Rheology
The viscoelastic properties of the gels were determined using an Anton Paar MCR 102 rheometer with parallel plate geometry (25 mm) set to a gap of 500 um. All tests were done at 37°C using a humidity chamber around the plates. A 30 min isothermal test was run on each sample using 1% strain at 1 Hz, which was below the critical strain as determined by a strain sweep. Storage and loss moduli were then measured over a frequency range of 0.01-2 Hz at a strain amplitude of 1%.
Scanning Electron Microscopy (SEM)
Gels were prepared for SEM by fixation overnight in 3% glutaraldehyde prepared in PBS. Samples were rinsed (3X) with fresh PBS, then processed by dehydration using a graded ethanol series from 25% to 100%, followed by subsequent drying using slow infiltration of hexamethyldisilazane (HMDS). After removal and evaporation of HMDS, samples were sputter coated with gold before mounted and loaded into a Thermo Fischer Scientific Apreo SEM. An acceleration voltage of 3 kV was used for imaging.
Viability assay and staining
Lactate Dehydrogenase (LDH) assay (Thermo Fisher Scientific) was performed at 14 DIV. Briefly, released LDH in the supernatant from live samples and maximal LDH released from age-and seeding densitymatched positive control (or lysis buffer-treated) samples were processed in 96-well plate format, per kit instructions. Absorbances were read at 490 nm and 680 nm on the Synergy H1 multi-mode microplate reader (BioTek). The percentage of cell death was determined by released LDH from live samples normalized to positive control samples (i.e., total cells in vitro). For cell viability staining, neuronal cultures were incubated (37°C, 5% CO 2 , 30 min) with Calcein-AM (2 μg/mL, Thermo Fisher Scientific), and Hoechst 33342 (3 μg/mL, BD Biosciences, San Jose, CA). Live samples were washed in PBS (3X) before imaging.
Imaging acquisition and analysis
Imaging was conducted on the LSM700 confocal microscope (Carl Zeiss Microscopy, Thornwood, NY). Optimal camera exposure and microscope settings were fixed and remained the same for all replicates of ECM-Collagen gel samples. 2D images (1024 × 1025 or 512 × 512) in the XY plane at 20X magnification were acquired at 10 μm intervals from the bottom of the gel (no fluorescence) to the top of the gel (disappearance of fluorescent signal), or at 2 μm intervals from the bottom of the gel (e.g., 110 or 180 μm). Sampling of 3D cultures included 1-2 regions of interest from each of the three biological replicates.
To visualize cell distribution, Z-stack images of ECM-Collagen gel samples were loaded into ZEN Blue (Carl Zeiss Microscopy), filtered using Gauss blur, and rendered into a 3D object in Orthogonal viewer with maximal intensity projection selected. The height of the Calcein-AM stained gel was calculated by taking the average of the minimum and maximum peaks. To quantify cell distribution, we adapted the image analysis used by Thevenot et al. (2008) . Briefly, Z-stack images of Hoechst 33342-stained nuclei were loaded into Fiji (https://fiji.sc/#; National Institutes of Health, Bethesda, MD) and thresholded to remove any background fluorescence. Then, the particle counter setting was adjusted for the particle size (in pixel units) with no adjustment in circularity, and all Z-stacks were scanned. The total particle number for each section was normalized to the dimensions of the field of view at (a) Representative turbidimetric gelation kinetics of 1 mg/mL collagen gel blended with 200 μg/mL of MaxGel with and without encapsulated neurons at seeding densities of 2 × 10 6 , 4 × 10 6 , and 1 × 10 7 cells/mL. (b and c) Calculated T 1/2 (time to 50% maximum absorbance) and the speed of gelation (or slope at T 1/2 ). The measurement of turbidity (or absorbance) at a given time was normalized to difference between the maximum (A max ) and minimum (A o ) absorbances recorded over the 30 min period (see 2.2 of methods). Normalized data are shown as mean ± SEM for samples prepared in duplicates from N = 3 biological replicates and were analyzed using one-way ANOVA with Tukey's post hoc test. D. Lam, et al. Journal of Neuroscience Methods 329 (2020) D. Lam, et al. Journal of Neuroscience Methods 329 (2020) 108460 20X magnification to calculate the cell density per mm 2 .
Statistics
Quantified data are expressed as mean ± SEM for the number of replicates indicated. For turbidity, rheology, and image analysis, the statistical significance was analyzed in GraphPad version 7 (GraphPad Software, San Diego, CA) using unpaired t-test, one-way, or two-way ANOVA with Tukey's post-hoc analysis.
Results
A number of studies have demonstrated that the encapsulated cells can affect the intrinsic properties of the gel (e.g., elasticity, collagen fiber alignment and density, and degree of contraction) as well as the organization and morphology of cells within it (Iordan et al., 2010; Fernandez and Bausch, 2009 ). Using turbidimetry, we assessed whether fibrillogenesis of ECM-Collagen was affected by increasing the concentration of encapsulated cells from 2 × 10 6 to 1 × 10 7 cells/mL. Fibrillogenesis of ECM-Collagen (1 mg/mL) with and without Fig. 3 . Cell distribution within ECM-Collagen gel at 14 DIV. (a) Line graph summarizes the total nuclei counted (/mm 2 ) from the bottom to top of the ECM-Collagen gel for each biological replicates (colored line) encapsulated with the initial cell concentration of 2 × 10 6 (i), 4 × 10 6 (ii), and 1 × 10 7 (iii) cells/ mL and treated with (left column) and without CO 2 during collagen fibrillogenesis (right column). (b) Average Hoechst-stained nuclei counted from Z-stack images (in the XY plane) that were binned into cross-sections of the 3D ECM-Collagen hydrogel (see Fig. 2c . ii), at increments of 20% of the gel based on the height of the gel. Data is displayed as mean ± SEM for N = 3 biological replicates with 1-2 technical replicates and was analyzed using two-way ANOVA with Tukey's post hoc test. Statistical significances are observed when compared to the bottom 20% (*) and 21-40% ( †) of gel at a level of #p < 0.05, ##p < 0.01, ###p < 0.001. D. Lam, et al. Journal of Neuroscience Methods 329 (2020) 108460 encapsulated cells were monitored by measuring changes in the solution turbidity (de Wild et al., 2013; Zhu and Kaufman, 2014) (Fig. 1) , which provides a rapid and reproducible means of monitoring the three distinct phases of fibrillogenesis: a lag phase, exponential growth phase, and a plateau phase (Fig. 1a ). Fibrillogenesis data was fitted to a sigmoid curve to calculate the time needed to reach 50% of the maximum turbidity absorbance value (T 1/2 , Fig. 1b ) and the slope of the sigmoid curve at T 1/2 to determine the rate of fibrillogenesis (Fig. 1c ). In the presence of cells, regardless of the concentration, fibrillogenesis of ECM-Collagen gels yielded a similar turbidity profile as acellular gels (Fig. 1a) , with no significant deviation in T 1/2 or slope ( Fig. 1b and c) . These results demonstrate that encapsulation of cells between 2 × 10 6 to 1 × 10 7 neurons/mL did not significantly perturb collagen fibrillogenesis under our experimental conditions. As a control, we also demonstrated that the blending of an ECM mixture at relevant concentrations shown to improve neuronal viability (Sood et al., 2016) , did not disrupt fibrillogenesis kinetics and mechanical properties of collagen ( Supplementary Figs. 1 and 2) , and is likely not involved in the effects of CO 2 during fibrillogenesis and cellular distribution (see below). To address whether the presence or absence of CO 2 during collagen fibrillogenesis affects cell health (Fig. 2) and cellular organization (Fig. 3) within the ECM-Collagen hydrogel, the encapsulated neurons (2 × 10 6 to 1 × 10 7 cells/mL) were cultured for a period of 14 DIV. At 14 DIV, cell viability was measured by quantifying lactate dehydrogenase (LDH) in the supernatant of live samples from each cell concentration and CO 2 experimental conditions (Fig. 2a) . The presence or absence of CO 2 during fibrillogenesis did not affect cell viability for hydrogels encapsulated with 2 × 10 6 (p > 0.99) and 4 × 10 6 cells/mL (p > 0.99). However, encapsulation of 1 × 10 7 cells/mL had a greater percentage of cell death in the absence of CO 2 (36.8 ± 2.9%) compared to the presence of 5% CO 2 (22.6 ± 1.6%) (p < 0.001, Fig. 2a ). Independent of the experimental conditions, we also noted an inverse relationship between the cell concentrations examined in the present study and cell viability; decreased cell viability (as a percent of total cells in vitro) was observed as encapsulated cell concentration for ECM-Collagen hydrogels increased.
Cell viability, distribution, and neurite outgrowth throughout the gel were visualized by confocal microscopy using Calcein-AM (see 2.6 of methods). In general, ECM-Collagen gels with 1 × 10 7 cells/mL were significantly shorter in height (654.0 ± 55.7 μm) than gels with 2 × 10 6 cells/mL (920.0 ± 77.4 μm) that had undergone collagen fibrillogenesis in the absence of CO 2 (p < 0.05, Fig. 2b) . A similar trend, albeit not statistically significant, was observed in gels prepared in 5% CO 2 (p = 0.20). Representative images (Fig. 2c i) in the XZ plane show the distribution of cells within the ECM-Collagen gel for each cell concentration and within each experimental condition. Neurons in these cultures exhibit extensive neurites throughout the XY plane, as demonstrated in cross sections representing the top, middle, and bottom 20% of the gel (Fig. 2c ii) . The topographical surface (gel-liquid interface, yellow dotted line in Fig. 2c i) and the height of the hydrogel from sample to sample were noticeably variable. Collectively, we demonstrated that the amount of cell death was minimal in the presence and absence of CO 2 , respectively: 5.8% and 5.2% from cultures with 2 × 10 6 cells/mL, 13.6% and 13.7% from 4 × 10 6 cells/mL and 22.6% and 36.8% from 1 × 10 7 cells/mL. We did, however, observed an increase in cell death as cell concentration encapsulated increased. Furthermore, we have successfully cultured these neurons in ECM-Collagen gels for up to 31-32 DIV (Supplementary Fig. 3 ) and adapted this encapsulation method for CD90-positive primary neurons immunopanned from human primary fetal tissue ( Supplementary Figure 4) .
Quantification of cell distribution within the 3D cultures was determined using nuclei labelling, as described in Thevenot et al. (2008) . While nuclei labelling does not distinguish between live versus dead cells, we demonstrated that a high percentage of cells within the hydrogel were viable (∼64-95%) based on the LDH assay ( Fig. 2a) , depending on the cell concentration encapsulated. Thus, the use of the nuclei labelling, and parameters set during image analysis should not overestimate the number of viable cells distributed throughout the hydrogel. The cell density for each XY image from bottom to top of the hydrogel is summarized in the line graph for each sample (colored line). In most biological replicates, cell distribution appears to be reproducible at each cell concentration and within each experimental condition (Fig. 3a) . To quantify cell distribution, the height of the gel for each sample was divided into five equal parts (i.e. each representing 20% of the gel), and the cell count within each section was averaged (Fig. 3b ). Statistical analysis of the cell density across the five sections revealed an even distribution of cells when fibrillogenesis of ECM-Collagen occurred in the presence of 5% CO 2 and with the encapsulation of 2 × 10 6 and 4 × 10 6 cells/mL. That is, most pairwise comparisons between the five sections were not statistically significant. However, in the absence of CO 2 during fibrillogenesis and/or increased cell concentration, as shown at 1 × 10 7 cells/mL, cell density was noticeably higher in the bottom 40% of the gel. Collectively, the findings of the present study demonstrate that modifying the seeding parameters, either by increasing cell concentration over 1 × 10 7 cells/mL or omitting 5% CO 2 during collagen fibrillogenesis can affect the cellular organization in 3D space.
Discussion
Neural tissue engineering has identified a number of biomaterials to increase the dimensionality of in vitro systems and have demonstrated biocompatibility of encapsulated neurons (i.e., cell viability, and morphology). However, cell distribution in 3D space can also affect the cells' morphological development, function (i.e., proliferation), cell aggregation, and competition for nutrients (Li et al., 2019; Thevenot et al., 2008; Wendt et al., 2003) , which is not well characterized. In the present study, we demonstrated a framework that systematically evaluates cell viability and the distribution of cells in 3D as a result of (1) increasing cell concentrations, and (2) exposure to ambient air (< 0.05% CO 2 ) or 5% CO 2 during collagen fibrillogenesis. Collectively, this framework stresses the importance of a rigorous characterization of 3D cell culture to complement and inform any functional studies.
The 'entrapment' method is commonly used to encapsulate neurons within the fibrous networks of collagen during fibrillogenesis (Xu et al., 2009; Ma et al., 2004; O'Connor et al., 2001; O'Shaughnessy et al., 2003) . In using this method, we encapsulated neurons in a pre-gel solution at three different concentrations, 2 × 10 6 , 4 × 10 6 , and 1 × 10 7 cells/mL. This cell range was chosen to be similar to the study of Kim et al (Kim et al., 2017) using hippocampal neurons, but is substantially greater than previous collagen studies that encapsulated cortical neurons at lower cell concentrations (2 × 10 5 to 0.5 × 10 6 cells/mL) (Xu et al., 2009; Ma et al., 2004; O'Connor et al., 2001; O'Shaughnessy et al., 2003) . Increasing cell concentration had no effect on fibrillogenesis, as demonstrated by turbidimetry (Fig. 1) . However, viability of encapsulated neurons decreased with increasing cell concentration. Cell death was minimal in ECM-Collagen gels with and without 5% CO 2 during fibrillogenesis with the initial cell concentration of 2 × 10 6 cells/ mL (5.8% and 5.2%, respectively) but doubled with 4 × 10 6 cells/mL (13.6% and 13.7%, respectively) and further increased in 1 × 10 7 cells/ mL (22.6% and 36.8%, respectively) ( Fig. 2a ). Xu et al. (2009) also reported a similar decrease in cell survival at increasing DIV for cells encapsulated in ECM-Collagen gels. This is not surprising since ECM-Collagen gels increased cell viability of neurons by ∼1.6-fold at 7 DIV (Sood et al., 2016) relative to pure collagen gels, which alone demonstrated a 50% neuronal survival rate at 10 DIV that declined with no surviving cells by 28 DIV (O'Connor et al., 2001) . However, in the latter study the initial cell concentration was low (2 × 10 5 cells/mL). It is likely that the combination of blending ECM and increasing the initial cell concentration improves neuronal survival in long-term culture, which we confirmed by successfully culturing rat primary neurons for up to 30-32 DIV ( Supplementary Fig. 3 ) and human primary neurons ( Supplementary  Figure 4) .
Fibrillogenesis of neutralized collagen is commonly induced at 37°C, although the decision of using a CO 2 -regulated atmosphere likely depends on how the collagen gel solution is prepared: in neurobasal medium adapted from Iordan et al. (2010) (present study), in concentrated PBS supplemented with neurobasal medium (Xu et al., 2009; Ma et al., 2004; O'Connor et al., 2001; O'Shaughnessy et al., 2003) , or in concentrated PBS or DMEM diluted with distilled water or 1X DMEM (Tang-Schomer et al., 2014 Kim et al., 2017; Iordan et al., 2010) . Gaseous CO 2 (i.e., 5-10%) regulates carbonic acid-bicarbonate buffering system in cell culture medium to maintain a constant pH within the biochemical permissive range of the buffering agent, typically HEPES (component in neurobasal medium) or sodium bicarbonate (in DMEM). Reduced CO 2 levels, such as ambient air (< 0.05%), can increase bicarbonate levels and make the medium more basic (pH 8.6, Potter and DeMarse, 2001 ). In the current study, the absence of 5% CO 2 to maintain a neutral pH in collagen increased cell density at the bottom of the gel, regardless of the initial cell concentration. Conversely in the presence of 5% CO 2 , a more uniform distribution of cells was observed throughout the gel for the two lower cell concentrations but not in cultures with 1 × 10 7 cells/mL. It is not clear from the present study whether the heterogenous distribution is attributed to changes in the mechanical properties of the gel (i.e., uneven collagen fibrillogenesis or thinner collagen fibers). Sung et al. (2009) demonstrated that the pH of gels during collagen fibrillogenesis can affect the physical property of collagen (i.e., fiber thickness) and in turn cell survival, which supports our current results. Further, acellular-and cellcollagen gel solutions, prepared at various pH (7.1 to 8.3), showed thinner fibers and decreased cell viability with a higher pH solution (i.e., 8.3) compared to lower pH gels (i.e., 7.1-7.88, Sung et al. (2009) . Nevertheless, our findings demonstrate that the encapsulation of neurons in a ECM-Collagen hydrogel requires optimization of the seeding parameter (i.e., cell concentration, CO 2 during collagen fibrillogenesis), which can affect cellular distribution within the 3D cultures.
It is possible that 1 × 10 7 cells/mL is the threshold cell concentration that collectively has a greater mechanical impact on the collagen fibers after fibrillogenesis, as shown in fibroblast studies that have examined cell-collagen networks (Iordan et al., 2010; Fernandez and Bausch, 2009; Evans and Barocas, 2009 ), but not during fibrillogenesis since turbidity profile of all three cell concentrations were similar (Fig. 1) . In a previous study, increasing the cell concentration from 0.7 × 10 7 to 1.8 × 10 7 cells/mL in 0.95 mg/mL of collagen increased elasticity of the collagen network, by remodeling fibers to increase fiber density around the cells while leaving pockets in regions with no cells (Iordan et al., 2010) . Similar findings were observed with higher concentrations of collagen (Evans and Barocas, 2009 ). Thus, reorganizing the microstructure of collagen networks at 1 × 10 7 cells/mL (but not 2 × 10 6 cells/mL and 4 × 10 6 cells/mL) is one possibility that would allow a heterogeneous distribution of cells.
Conclusion
There is a growing interest in developing and recording neural network activity from 3D neuronal system (Frega et al., 2014; Bosi et al., 2015; Bourke et al., 2018; Bartsch et al., 2015; Tedesco et al., 2015; Musick et al., 2009 ). However, accurate interpretation of functional data will be predicated on thorough characterization of the 3D neuronal cultures, as cell viability, distribution, and network formulation are important and correlate to function. Herein we describe an approach to thoroughly characterize 3D neuronal cultures, providing a systematic exploration of seeding parameters while also providing a framework of relevant culture characterization. As advances in in vitro 3D microphysiological systems continue, ensuring that detailed culture characterizations are performed in parallel with functional monitoring will be increasingly important.
